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1. INTRODUCTION

Observations by members of the propellant community have ri.nerated interest in the

examination of solid propellant surface composition (Rocchio, private communication 1988).

Such observations include occasional lot-to-lot differences in performance tests

(e.g., flamespreading) for propellants with identical formulations or between aged and unaged

propellant. Along with the interest in surface composition comes the need for experimental

techniques capable of detecting surface variations resulting from such phenomena as

extrusion "wiping" effects, plasticizer evaporation and diffusion, and nonhomogeneous

application of the graphite commonly used to coat propellant grains. Although all of these

phenomena are potentially important, none has yet been characterized or correlated with

ballistic behavior, primarily because of the absence of suitable experimental surface

characterization techniques. Conventional chemical analysis techniques require the accurate

removal of micrometer-thick layers from the sample surfaces. Removal of such thin layers

from the surface of brittle oropellants is not readily accomplished without concomitant surface

modification.

In this investigation, the above-mentioned phenomena were examined by Fourier

transform infrared (FT-IR) photoaccustic spectroscopy (PAS), a nondestructive technique for

near-Surface analysis (McClelland 1983; Grahm, Grim, and Fateley 1985). There are two

main advantages of FT-IR-PAS; first, depth profiling can be performed by obtaining spectra at

varying interferometer mirror velocities; and second, sample preparation is usually not required

(Michaelian 1989; Urban and Koenig 1986; Yang, Bresee, and Fateley 1987). The ability to

analyze samples with virtually no preparation proved to be extremely useful for the analysis of

these composite propellant samples. The only requirement for this study was that samples fit

in the sample holder. Because our interest was the composition at extruded surfaces, it was

important to perform the analysis with minimal sampling handling. With FT-IR-PAS, sample

handling is minimized, and complications that are introduced by analysis with more traditional

methods are avoided. Results demonstrating the applicability of FT-IR-PAS to

characterization of solid propellants are described in this report.



2. EXPERIMENTAL

Spectra were obtained on a Mattson Polaris FT-IR spectrometer using software provided

by the manufacturer. Detection of the photoacoustic signal was achieved with a helium-
purged MTEC Model 100 photoacoustic cell. Each spectrum was the average of 32 scans
with a resolution of 8 cm1 . Spectra were obtained wit'i a moving mirror velocity of 0.316 cm/s

and were ratioed against a carbon black (Norit-A) background.

The composite propellant samples used in this investigation were cylindrical in shape with

a length and diameter of 1.4 and 1.1 cm, respectively, and are commonly referred to as
"grains." The formulation was composed of crystalline energetic material

(cyclo-1,3,5-trimethylene-2,4,6-trinitramine, RDX), non-energetic binder (cellulose acetate

butyrate [CAB]), energetic binder (nitrocellulose [NC]), antioxidant (ethyl centralite [EC]), and
either of two plasticizers. One is an azide plasticizer, hereafter referred to as "P," whose
complete structure is proprietary information. The other is a mixture of two dinitro plasticizers,
hereafter referred to as "A/B," whose structures are also proprietary information. Grain

exteriors commonly have a thin graphite coating which provides lubrication woen packing into
artillery shells and protects against static electrical charges that might otherwise result in

unintentional ignition.

3. RESULTS AND DISCUSSION

3.1 Depletion of RDX at Extruded Surfaces. Photoacoustic spectra of a typical sample

are given in Figure 1. Bands assigned to RDX (R), cellulose acetate butyrate (C),
nitrocellulose (N), and plasticizer (P) are appropriately labeled in spectrum A. Spectra B, C,

and D are labeled to draw attention to specific bands.

Comparison of spectra A and B indicates a reduced level of RDX at the extruded surface,

as evidenced by the decreased relative intensity of RDX bands. This reduction is attributed to
the wiping action of the extrusion process which covers RDX particles with polymeric binder at
the propellant surface. This finding supports conclusions based on scanning electron
microscopy of extruded propellant surfaces (Lieb, private communication).
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3.2 Plasticizer Loss From Aged Surfaces. Spectrum 1 D illustrates the applicability of

FT-IR-PAS to tho examination of propellant aging. This spectrum was obtained from the

extruded surface of a prop3llant grain that had been heated at 800 C for 26 hours. Loss of

plasticizer "P" is demonstrated by the large decrease in absorbance of the plasticizer's azide

band at 1,900 cm". The same phenomenon has been observed for composite propellants

formulated with several other plasticizers. Depletion of plasticizer has been observed at room

temperature as well as at elevated ,emperatures. Spectral conditions are reproducible over

lony time periods, m',,ng both long term ambient and short tzrm acco!eri3ed aging studies

possiole.

An example of depletion of "A/B" plasticizer is given in Figure " Although the infrared

spectra of the two dInitro plasticizers are very similar they can be distinguished by bands

appearing between 1,200 and 1,100 cm 1 . In propellant spectra, these bands are obscured by

CAB bands but can be observed by performing digital subtraction (i.e.. propellant spectrum

minus CAB spectrum). The spectra in Figure 2 illustrate the loss of "A/B" plasticizer on

heating.

3.3 Graphite Surface Coating Analysis. An interesting application of FT-IR-PA

spectroscopy to the characterization of solid propellants is the analysis of their graphite

coating. A method has been developed to determine the mass of graphite on a given surface

area. Such information is useful in understanding lot-to-lot variations in propellant ignition and

flamespreading. For cases where quantitative n,easurements are not necessary, relative

graphite "thicknesses" can be readily obtained by simply comparing the baseline absorbance

of FT-IR-PA. As illustrated in Figure 1C, the spectral baseline of coated propellant surfaces

occurs at a higher photoacoustic absorbance value than that of uncoated surfaces (see

Figure 1A).

This observation is explained by considering that graphite, a L'ack body absorber, gives a

relatively flat spectrum when its single-beam spectrum is ratioed against the carbon black

background spectrum. For coated grains, the FT-IR-PA spectrur,' includes both the flat

graphite spectrum and the spectrum of the propellant layer below the graphite. It was found

that the baseline "absorbance" value was proportional to the mass of graphite on the

propellant surface. With this information, a method was developed to determine the graphite

mass per unit area.

4
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The method requires the construction of a calibration curve whose slope is the ratio of

photoacoustic baseline "absorbance" to graphite mass and whose intercept is the baseline

"absorbance" for an uncoated sample. Determination of the calibration curve slope is not

straightforward, as standards for such a determination are not available. For this reason, the

slope was determined indirectly by following the decrease in baseline "absorbance" as

graphite was removed from a coated propellant surface. Graphite removal was achieved by

gently wiping the coated surface against a piece of preweighed filter paper. Quantitation of

transferred graphite was obtained from the difference in filter paper mass after transferral.

Measurements were made to +/- 0.001 mg with a Perkin Elmer AD2Z Autobalance. The

graphite removal procedure was repeated no less than four times on the same coated slab

and discontinued before the underlying layer of propellant was exposed. Confirmation that

only graphite was removed from the slab was obtained by examination of the FT-IR-PA

spectrum of the filter paper after transferral.

Figure 3A gives typical results of the above procedure, i.e., the relationship between

photoacoutic absorbance and graphite mass removed from the propellant surface. Only a

small fraction of the graphite was removed from the sample surface to generate the data in

Figure 3A. Removal of additional graphite would risk concomitant removal of propellant in the

layer below. The slope of the calibration curve is then calculated by multiplying the slope of

the line in Figure 3A by -1, which then gives the relationship between photoacoustic

absorbance and increasing mass of graphite on the propellant surface. For completion of the

calibration curve, a baseline absorbance measurement for uncoated propellant is made and

taken as the Y intercept. The resultant calibration curve is given in Figure 3B. With this

calibration curve and samples with known surface area, routine analysis of coated grains may

be performed. Values obtained from the analysis have units of mass of graphite per unit area.

Using this method, propellant grains coated with a set of ten graphite samples, varying in

particle size and crystallinity, were analyzed. Exposure of reproducible surface areas was

ensured by placing a circular brass mask over the propellant sample. The mask was

contoured to the cylindrical shape of the grain to minimize the cell volume and prevent loss of

the acoustic signal. Slopes of calibration curves were determined from at least three samples

with each type of graphite. Measurements of mass of graphite on a given surface area were

obtained from at least six samples with the same type of graphite. Results of the analysis are

given in in Table 1.

6
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Table 1. Summary of Graphite Glaze Analysis

Graphite PA
Source and Graphite Graphite Absorbance Calibration Graphite Mass

Number Type Particle Size at 2,000 cm' Curve Slope per Unit Area
(% ash) (4.m) (mg/cm 2)

Dixon natural 2.5 19.1 9.8 5.2
200-10 (2)

Dixon synthetic 2.5 18.3 14.7 3.3
200-39 (0.5)

Dixon amorphous 2.5 16.2 9.9 4.2
200-19 (19.4)

Dixon natural flake 2.5 17.5 11.9 3.9
400-10 (2.9)

Asbury natural 4.0 18.0 11.9 3.9
Mills 041-C (3.2)

Asbury amorphous 4.3 19.8 9.3 5.5
Mills M150 j!7.2)

Asbury synthetic 4.3 18.5 12.8 3.9
Mills M450 (0.5)

Dixon natural 7.5 16.0 12.2 3.3
041-B (?)

Dixon natural 18.0 16.3 8.8 4.7
041-A (?)

Dixon natural flake 18.0 17.1 13.4 3.3
155 (4.3)

Calculated values for mass of graphite per unit area fall within a small range of values

(i.e., 3.3 to 5.5 mg/cm 2). Values for calibration curve slopes can be divided into at least two

groups, i.e., those with slopes 8.8 to 9.9 and those with slopes of 11.9 to 14.7. Although the

relationship between the calibration curve slope and graphite type has not yet been

determined, it does make sense that the former group includes two samples with high ash

content (Dixon 200-19 and Asbury Mills M150 have 19.4 and 14.7% ash, respectively). Ash is

typically composed of silica, alumina, iron oxide, calcium oxide, potassium oxide, sodium

oxide, sulfur trioxide, and sulfuric anhydride, none of which absorb radiation at 2,000 cm'.

Removal of graphite with a high ash content will result in a smaller change in absorbtivity than

will the removal of graphite with little or no ash. The two other samples in the 8.8 to 9.9 slope

group, Dixon 200-10 and Dixon 041-A, have less than 5% ash. It is not clear why their

calibration curve slopes are lower than other samples with low ash content.

8



3.4 Additional Applications. As part cf a study of condc.zed phase processes during

solid propellant combustion (Schroeder 1990), we are using FT-IR-PAS to examine samples

that have been ignited and subsequently extinguished. For example, for RDX/CAB

propellants, we observe that the extinguished surface is essentially a foamy layer of binder

(cellulose acetate butyrate). The foam is believed to have formed by the flow of gaseous RDX

decomposition products through molten binder. Substantially reduced levels of RDX anc

plasticizer were observed for this layer. Material below the foamy layer was found to have a

composition similar to that of unburned propellant.

In another study, FT-IR-PAS was used to analyze the bulk composition, rather than the

surface composition, of two explosive samples composed of RDX, stearic acid, magnesium

oxide, and graphite. Although the formulations were believed to be identical, ballistic

properties of the two samples varied greatly. Photoacoustic spectra indicated not only

differences in the stearic acid level but also the presence of residual cyclohexanone solvent in

one of the samples. As is typical for most investigations of solid composite propellants by

FT-IR-PAS, the analysis provided qualitative and semi-quantitative results relatively quickly

and required no sample preparation.

4. CONCLUSIONS

The applications of FT-IR-PAS described above illustrate how well suited the technique is

for characterization of composite propellant surfaces. The ability to detect variations in

surface composition caused by plasticizer evaporation, extruder "wiping" effects, and

nonhomogeneous application of graphite, provides a useful tool for understanding surface-

related inconsistencies in ballistic behavior. Because so little sample preparation is required,

FT-IR-PAS has the potential to be incorporated into both quality control/quality assurance

monitoring and developmental studies of solid propellants.

9



INTENTIONALLY LEFT BLANK.

10



5. REFERENCES

Fifer, R. A., R. A. Pesce-Rodriquez, C. J. Selawski, and C. S. Miser. "Infrared Techniques for
the Determination of CAB and NC in Solid Propellants." 1990 JANNAF Propellant
Development Characterization Subcomittee Meeting, CPIA Pub, in press.

Grahm, J. A., W. M. Grim, and W. G. Fateley. "Fourier Transform Infrared Spectroscopy."
Fourier Transform Infiared Spectroscopy, edited by J. R. Ferraro and L. J. Basile. New
York: Academic Pres, vol. 4, chap. 9, p. 345, 1985.

Lieb, R. Private communication. U.S. Army Ballistic Research Laboratory, Aberdeen Proving

Ground, MD, September 1989.

McClelland, J. F. Analytical Chemistry. Vol. 55, 89A, 1983.

Michaelian, K. H. Applied Spectroscopy. Vol. 43, p. 185, 1989.

Rocchio, J. Private communication. U.S. Army Ballistic Research Laboratory, Aberdeen
Proving Ground, MD, July 1988.

Schroeder, M. A., R. A. Fifer, M. S. Miller, and R. A. Pesce-Rodriguez. "Condensed-Phase
Processes During Solid Propellant Combustion I. Preliminary Chemical and Microscope
Examination of Extinguished Propellant Samples," BRL-MR-3845, U.S. Army Ballistic
Research Laboratory, Aberdeen Proving Ground, MD, June 1990.

Urban, M. W., and J. L. Koenig. Applied Spectroscopy. Vol. 40, p. 994, 1986.

Yang, C. Q., R. R. Bresee, and W.G. Fateley. Applied Spectroscopy. Vol. 41, p. 889, 1987.

11



INTENTIONALLY LEFT BLANK.

12



No. of No. of
Copies Organization Copies Organization

2 Administrator 1 Commander
Defense Technical Info Center U.S. Army Missile Command
ATTN: DTIC-DDA ATTN: AMSMI-RD-CS-R (DOC)
Cameron Station Redstone Arsenal, AL 35898-5010
Alexandria, VA 22304-6145

1 Commander
Commander U.S. Army Tank-Automotive Command
U.S. Army Materiel Command ATrN: ASQNC-TAC-DIT (Technical
ATTN: AMCDRA-ST Information Center)
5001 Eisenhower Avenue Warren, MI 48397-5000
Alexandria, VA 22333-0001

1 Director
Commander U.S. Army TRADOC Analysis Command
U.S. Army Laboratory Command ATTN: ATRC-WSR
ATTN: AMSLC-DL White Sands Missile Range, NM 88002-5502
2800 Fowder Mill Road
Adelptli, MD 20783-1145 1 Commandant

U.S. Army Field Artillery School
2 Commander ATTN: ATSF-CSI

U.S. Army Armament Research, Ft. Sill, OK 73503-5000
Development, and Engineering Center

ATTN: SMCAR-IMI-I (Class. only)1 Commandant
Picatinny Arsenal, NJ 07806-5000 U.S. Army Infantry Schcl

ATTN: ATSH-CD (Security Mgr.)
2 Commander Fort Benning, GA 31905-5660

U.S. Army Armament Research,
Deve!opment, and Engineering Center (Unclass. only)l Commandant

ATTN: SMCAR-TDC U.S. Army Infantry School
Picatinny Arsenal, NJ 07806-5000 ATTN: ATSH-CD-CSO-OR

Fort Benning, GA 31905-5660Director

Benet Weapons Laboratory 1 Air Force Armament Laboratory
U.S. Army Armament Research, ATTN: WIMNOI

Development, and Engineering Center Eglin AFB, FL 32542-5000
ATTN: SMCAR-CCB-TL
Watervliet, NY 12189-4050 Aberdeen Proving Ground

(Unclass. only)1 Commander 2 Dir, USAMSAA
U.S. Army Armament, Munitions ATTN: AMXSY-D

and Chemical Command AMXSY-MP, H. Cohen
ATTN: AMSMC-IMF-L
Rock Island, IL 61299-5000 1 Cdr, USATECOM

ATTN: AMSTE-TC
Director
U.S. Army Aviation Research 3 Cdr, CRDEC, AMCCOM

and Technology Activity ATTN: SMCCR-RSP-A
ATTN: SAVRT-R (Library) SMCCR-MU
M/S 219-3 SMCCR-MSI
Ames Research Center
Moffett Field, CA 94035-1000 1 Dir, VLAMO

ATTN: AMSLC-VL-D

10 Dir, BRL
ATTN: SLCBR-DD-T

13



No. of No. of
Copies Organization Copies Organization

HQDA (SARD-TR, C.H. Church) 2 Commander
WASH DC 20310-0103 Naval Surface Warfare Center

ATTN: R. Bernecker, R-13
4 Commander G.B. Wilmot, R-16

US Army Research Office Silver Spring, MD 20903-5000
ATTN: R. Ghirardelli

D. Mann 5 Commander
R. Singleton Naval Research Laboratory
R. Shaw ATTN: M.C. Lin

P.O. Box 12211 J. McDonald
Research Triangle Park, NC E. Oran
27709-2211 J. Shnur

R.J. Doyle, Code 6110
2 Commander Washington, DC 20375

US Army Armament Research,
Development, and Engineering Center 1 Commanding Officer

ATTN: SMCAR-AEE-B, D.S. Downs Naval Underwater Systems
SMCAR-AEE, J.A. Lannon Center Weapons Dept.

Picatinny Arsenal, NJ 07806-5000 ATTN: R.S. Lazar/Code 36301
Newport, RI 02840

Commander
US Army Armament Research, 2 Commander

Development, and Engineering Center Naval Weapons Center
ATTN: SMCAR-AEE-BR, L. Harris ATTN: T. Boggs, Code 388
Picatinny Arsenal, NJ 07806-5000 T. Parr, Code 3895

China Lake, CA 93555-6001
2 Commander

US Army Missile Command 1 Superintendent
ATTN: AMSMI-RD-PR-E, A.R. Maykut Naval Postgraduate School

AMSMI-RD-PR-P, R. Betts Dept. of Aeronautics
Redstone Arsenal, AL 35898-5249 ATTN: D.W. Netzer

Monterey, CA 93940
Office of Naval Research
Department of the Navy 3 AL/LSCF
ATTN: R.S. Miller, Code 432 ATTN: R. Corley
800 N. Quincy Street R. Geisler
Arlington, VA 22217 J. Levine

Edwards AFB, CA 93523-5000
Commander
Naval Air Systems Command 1 AL/MKPB
ATTN: J. Ramnarace, AIR-54111C ATrN: B. Goshgarian
Washington, DC 20360 Edwards AFB, CA 93523-5000

Commander 1 AFOSR
Naval Surface Warfare Center ATTN: J.M. Tishkoff
ATTN: J.L. East, Jr., G-23 Boiling Air Force Base
Dahlgren, VA 22448-5000 Washington, DC 20332

1 OSD/SDIO/IST
ATTN: L. Caveny
Pentagon
Washington, DC 20301-7100

14



No. of No. of
Copies Organization Copies Organization

Commandant 1 Atlantic Research Corp.
USAFAS ATTN: R.H.W. Waesche
ATTN: ATSF-TSM-CN 7511 Wellington Road
Fort Sill, OK 73503-5600 Gainesville, VA 22065

F.J. Seiler 1 AVCO Everett Research
AiTN: S.A. Shackleford Laboratory Division
USAF Academy, CO 80840-6528 ATTN: D. Stickler

2385 Revere Beach Parkway
University of Dayton Research Institute Everett, MA 02149

ATTN: D. Campbell
AL/PAP 1 Battelle
Edwards AFB, CA 93523 ATTN: TACTEC Library, J. Huggins

505 King Avenue
NASA Columbus, OH 43201-2693
Langley Research Center
Langley Station 1 Cohen Professional Services
ATrN: G.B. Northam/MS 168 ATTN: N.S. Cohen
Hampton, VA 23365 141 Channing Street

Redlands, CA 92373
4 National Bureau of Standards

ATN: J. Hastie 1 Exxon Research & Eng. Co.
M. Jacox ATTN: A. Dean
T. Kashiwagi Route 22E
H. Semerjian Annandale, NJ 08801

US Department of Commerce
Washington, DC 20234 1 Ford Aerospace and

Communications Corp.
Aerojet Solid Propulsion Co. DIVAD Division
ATTN: P. Micheli Div. Hq., Irvine
Sacramento, GA 95813 ATN: D. Williams

Main Street & Ford Road
Applied Combustion Technology, Inc. Newport Beach, CA 92663
ATTN: A.M. Varney
P.O. Box 607885 1 General Applied Science
Orlando, FL 32860 Laboratories, Inc.

77 Raynor Avenue
2 Applied Mechanics Reviews Ronkonkama, NY 11779-6649

The American Society of
Mechanical Engineers 1 General Electric Ordnance

ATTN: R.E. White Systems
A.B. Wenzel ATTN: J. Mandzy

345 E. 47th Street 100 Plastics Avenue
New York, NY 10017 Pittsfield, MA 01203

Atlantic Research Corp. 1 General Motors Rsch Labs
ATTN: M.K. King Physical Chemistry Department
5390 Cherokee Avenue A1TN: T. Sloane
Alexandria, VA 22314 Warren, MI 48090-9055

15



No. of No. of

Copies Organization Copies Organization

2 Hercules, Inc. 1 National Science Foundation
Allegheny Ballistics Lab. ATTN: A.B. Harvey
ATTN: W.B. Walkup Washington, DC 20550

E.A. Yount
P.O. Box 210 1 Olin Ordnance
Rocket Center, WV 26726 ATTN: V. McDonald, Library

P.O. Box 222

Alliant Techsystems, Inc. St. Marks, FL 323550222
Marine Systems Group
ATTN: D.E. Broden/ 1 Paul Gough Associates, Inc.

MS MN5O-2000 ATTN: P.S. Gough
600 2nd Street NE 1048 South Street
Hopkins, MN 55343 Portsmouth, NH 03801-5423

Alliant Techsystems, Inc. 2 Princeton Combustion
ATTN: R.E. Tompkins Research Laboratories, Inc.

MN38-3300 ATTN: M. Summerfield
5700 Smetana Drive N.A. Messina
Minnetonka, Mt. 55343 475 US Highway One

Monmouth Junction, NJ 08852
IBM Corporation

ATTN: A.C. Tam 1 Hughes Aircraft Company
Research Division ATTN: T.E. Ward
5600 Cottle Road 8433 Fallbrook Avenue
San Jose, CA 95193 Canoga Park, CA 91303

lIT Research Institute 1 Rockwell International Corp.
ATTN: R.F. Remaly Rocketdyne Division
10 West 35th Street ATTN: J.E. FlanagarVHB02
Chicago, IL 60616 6633 Canoga Avenue

Canoga Park, CA 91304

2 Director
Lawrence Livermore 4 Director

National Laboratory Sandia National Laboratories
ATTN: C. Westbrook Division 8354

M. Costantino ATTN: R. Cattolica
P.O. Box 808 S. Johnston
Livermore, CA 94550 P. Mattern

D. Stephenson
Lockheed Missiles & Space Co. Livermore, CA 94550
ATTN: George Lo
3251 Hanover Street 1 Science Applications, Inc.
Dept. 52-35/B204/2 ATTN: R.B. Edelman
Palo Alto, CA 94304 23146 Cumorah Crest

Woodland Hills, CA 91364
Director
Los Alamos National Lab 3 SRI International
ATTN: B. Nichols, T7, MS-B284 ATTN: G. Smith
P.O. Box 1663 D. Crosley
I os Alamos, NM 87545 D. Golden

333 Ravenswood Avenue
Menlo Park, CA 94025

16



No. of No. of
Copies Organization Copies Onanization

Stevens Institute of Tech. 1 Brigham Young University
Davidson Laboratory Dept. of Chemical Engineering
ATrN: R. McAlevy, III ATiT1: M.W. Beckstead
Hoboken, NJ 07030 Provo, UT 84058

Sverdrup Technology, Inc. California Institute of Tech.
LERC Group Jet Propulsion Laboratory
ATTN: R.J. Locke, MS SVR-2 A.TN: L. Strand/MS F12/102
2001 Aerospace Parkway 4800 Oak Grove Drive
Brook Park, OH 44142 Pasaiena, CA 61109

Sverdrup Technology, Inc. I California Institute of
ATTN: J. Deur Technology
2001 Aerospace Parkway ATTN. F.E.C. Culick/
Brook Park, OH 44142 MC 301-46

204 Karman Lab.
Thiokol Corporation Pasadena, CA 91125
Elkton Division
ATTN: S.F. Palopoli University of California
P.O. Box 241 Los Alamos Scientific Lab.
Elkton, MD 21921 P.O. Box 1663, Mail Stop B216

Los Alamos, NM 87545
3 Thiokol Corporation

Wasatch Division 1 University of California,
ATTN: S.J. Bennett Berkeley
P.O. Box 524 Chemistry Deparment
Brigham City, UT 84302 ATTN: C. Bradley Moore

211 Lewis Hall
United Technologies Research Center Berkeley, CA 94720

ATTN: A.C. Eckbreth
East Hartford, CT 06108 1 University of California,

San Diego
3 United Technologies Corp. ATTN: F.A. Williams

Chemical Systems Division AMES, B010
ATTN: R.S. Brown La Jolla, CA 92093

T.D. Myers (2 copies)
P.O. Box 49028 2 University of California,
San Jose, CA 95161-9028 Santa Barbara

Quantum Institute
Universal Propulsion Company ATTN: K. Schofield
ATTN: H.J. McSpadden M. Steinberg
Black Canyon Stage 1 Santa Barbara, CA 93106
Box 1140
Phoenix, AZ 85029 1 University of Colorado at

Boulder
Veritay Tec;tioogy, Inc. Engineering Center
ATTN: E.B. Fisher ATTN: J. Daily
4845 Millersport Highway Campus Box 427
P.O. Box 305 Boulder, CO 80309-0427
East Amherst, NY 14051-0305

17



No. of No. of
Copies C.canization Crpies Organization

2 University of Southern 1 University of Minnesota
California Dept. of Mechanical

Dept. of Chemistry Engineering
ATTN: S. Benson ATTN: E. Fletcher

C. Wittig Minneapolis, MN 55455
Los Angeles, CA 90007

3 Pennsylvania State University
Cornell University Applied Research Laboratory
Department of Chenistry ATTN: K.K. Kuo
ATTN: T.A. Cool H. Palmer
Baker Laboratory M. Micci
Ithaca, NY 14853 University Park, PA 16802

University of Delaware 1 Pennsylvania State University
ATTN: T. Brill Dept. of Mechanical Engineering
Chemistry Department ATTN: V. Yang
Newark, DE 19711 University Park, PA 16802

University of Florida 1 Polytechnic Institute of NY
Dept. of Chemistry Graduate Center
ATTN: J. Winefordner ATTN: S. Lederman
Gainesville, FL 32611 Route 110

Farmingdale, NY 11735
3 Georgia Institute of Technology

School of Aerospace Engineering 2 Princeton University
ATTN: E. Price Forrestal Campus Library

W.C. Strahle ATTN: K. Brezinsky
B.T. Zinn I. Glassman

Atlanta, GA 30332 P.O. Box 710
Princeton, NJ 08540

University of Illinois
Dept. of Mech. Eng. 1 Purdue University
ATTN: H. Krier School of Aeronautics
144MEB, 1206 W. Green St. and Astronautics
Urbana, IL 61801 ATTN: J.R. Osborn

Grissom Hall
Johns Hopkirs University/APL West Lafayette, IN 47906
Chemical Propulsion

Information Agency 1 Purdue University
ATTN- T.W. Christian Department of Chemistry
Johns Hopkins Road ATTN: E. Grant
Laurel, MD 20707 West Lafayette, IN 47906

University of Michigan 2 Purdue University
Gas Dynamics Lab School of Mechanical
Aerospace Engineering Bldg. Engineering
ATTN: G.M. Faeth ATTN: N.M. Laurendeau
Ann Arbor, MI 48109-2140 S.N.B. Murthy

TSPC Chaffee Hall
West Lafayette, IN 47906

18



No. of
Copies Organization

1 Rensselaer Polytechnic Inst.
Dept. of Chemical Engineering
ATTN: A. Fontijn
Troy, NY 12181

1 Stanford University
Dept. of Mechanical

Engineering
ATN: R. Hanson
Stanford, CA 94305

1 University of Texas
Dept. of Chemistry
ATTN: W. Gardiner
Austin, TX 78712

1 University of Utah
Dept. of Chemical Engineering
ATTN: G. Flandro
Salt Lake City, UT 84112

1 Virginia Polytechnic
Institute and
State University

ATTN: J.A. Schetz
Blacksburg, VA 24061

SF.reedman Associates
ATTN: E. Freedman
2411 Diana Road
Baltimore, MD 21209-1525

19



INTENTIONALLY LEFT BLANK.

20



USER EVALUATION SHEET/CHANGE OF ADDRESS

This laboratory undertakes a continuing effort to improve the quality of the reports it
publishes. Your comments/answers below will aid us in our efforts.

1. Does this report satisfy a need? (Comment on purpose, related project, or other area of
interest for which the repc.t will be used.)

2. How, specifically, is the report being used? (Information source, design data, procedure,
source of ideas, etc.)

3. Has the information in this report led to any quantitative savings as far as man-hours or
dollars saved, operating costs avoided, or efficiencies achieved, etc? If so, please
elaborate.

4. General Comments. What do you think should be changed to improve future reports?
(Indicate changes to organization, technical content, format, etc.)

BRL Report Number BRL-TR-3260 Division Symbol

Check here if desire to be removed from distribution list.

Check here for address change.

Current address: Organization
Address

DEPARTMENT OF THE ARMY IIIII
Director NO POSTAGE
U.S. Army Ballistic Research Laboratory NECESSAGY
ATTN: SLCBR-DD-T NE D
Aberdeen Proving Ground, MD 21005-5066 IN THE

I UNITED STATES
OFRCIAL BUSINESS I BUSINESS REPLY MAIL UNIT___ATE

L RRST CLSIE No 0001, PG, M

Postage will be paid by addiessee

Director
U.S. Army Ballistic Research Laboratory i_
ATTN: SLCBR-DD-T IIII
Aberdeen Proving Ground, MD 21005-5066


